There are two major types of ocular neovascularization that affect the retina, retinal neovascularization (NV) and subretinal or choroidal NV. Retinal NV occurs in a group of diseases referred to as ischemic retinopathies in which damage to retinal vessels results in retinal ischemia. Most prevalent of these are diabetic retinopathy and retinal vein occlusions. Subretinal and choroidal NV occur in diseases of the outer retina and Bruch's membrane, the most prevalent of which is age-related macular degeneration. Numerous studies in mouse models have helped to elucidate the molecular pathogenesis underlying retinal, subretinal, and choroidal NV. There is considerable overlap because the precipitating event in each is stabilization of hypoxia inducible factor-1 (HIF-1) which leads to upregulation of several hypoxia-regulated gene products, including vascular endothelial growth factor (VEGF), angiopoietin 2, vascular endothelial-protein tyrosine phosphatase (VE-PTP), and several others. Stimulation of VEGF signaling and suppression of Tie2 by angiopoietin 2 and VE-PTP are critical for sprouting of retinal, subretinal, and choroidal NV, with perturbation of Bruch's membrane also needed for the latter. Additional HIF-1-regulated gene products cause further stimulation of the NV. It is difficult to model macular edema in animals and therefore proof-of-concept clinical trials were done and demonstrated that VEGF plays a central role and that suppression of Tie2 is also important. Neutralization of VEGF is currently the first line therapy for all of the above disease processes, but new treatments directed at some of the other molecular targets, particularly stabilization of Tie2, are likely to provide additional benefit for subretinal/choroidal NV and macular edema. In addition, the chronicity of these diseases as well as the implication of VEGF as a cause of retinal nonperfusion and progression of background diabetic retinopathy make sustained delivery approaches for VEGF antagonists a priority.
Retinal blood supply
The retina is supplied by the retinal and choroidal vasculatures. The central retinal artery enters the eye through the optic nerve, branches on the surface of the nerve, and sends progressively branching arterioles along the surface of the retina to its anterior border. The surface arterioles send numerous penetrating branches to form the intermediate and deep capillary beds which supply the inner 2/3 of the retina. Retinal capillaries drain into retinal venules that retrace the path of the arterioles into progressively larger branch veins that enter the central retinal vein that exits the eye through the optic nerve. The endothelial cells of retinal vessels have tight junctions and specialized vesicular transport that limit efflux of plasma and its components into the interstitial space of the retina constituting the inner blood-retinal barrier. The outer 1/3 of the retina consisting of the outer nuclear layer containing photoreceptor cell bodies, photoreceptor inner segments, and photoreceptor outer segments is completely devoid of blood vessels ( Figure 1 ). Erythrocytes coursing through blood vessels contain hemoglobin which absorbs light and so the absence of blood vessels immediately anterior to photoreceptor outer segments is an important adaptation for visual function, but presents a unique challenge to the supply of oxygen and nutrients to photoreceptors. The challenge is heightened by the high metabolic activity of photoreceptors. The choroidal circulation surmounts this challenge because it has very high blood flow and forms the choriocapillaris, a dense plexus of fenestrated capillaries that allow plasma to bath the retinal pigmented epithelium (RPE) which contains apical tight junctions and specialized vesicular transport constituting the outer blood-retinal barrier.
Retinal and choroidal vascular diseases
The unique blood supply of the retina is an elegant solution to the challenges rendered by the need to eliminate blood vessels immediately anterior to photoreceptor outer segments, but is also the source of vulnerabilities. It requires a high flow vascular system in close proximity to the avascular outer retina ending in fenestrated capillaries allowing plasma free access to the RPE which has both epithelial and endothelial functions. The distance over which oxygen and nutrients must travel is greater than that in most tissues. The situation is further complicated by the need to maintain a narrow range of ionic concentrations in the extracellular space of retinal neurons so that neurotransmission is not perturbed. This requires RPE and retinal vascular endothelial cells to maintain their highly specialized barrier characteristics in order for normal retinal function to be maintained. Since the demands on RPE and retinal vascular cells are high, they have high vulnerability to disease and consequences of their dysfunction are large. Pathologies that affect retinal endothelial cells are classified as retinal vascular diseases and some pathologies that affect the RPE result in choroidal vascular diseases.
Retinal vascular diseases
Pathologic processes that damage retinal vessels can result in vessel closure and hence retinal ischemia and/or compromise of barrier characteristics of retinal endothelial cells resulting in excessive vascular leakage. Severe retinal ischemia results in retinal neovascularization (NV) which grows into the vitreous cavity and can cause traction retinal detachment. Diseases in which this occurs are referred to as ischemic retinopathies and include diabetic retinopathy, retinal vein occlusions (RVOs), retinopathy of prematurity (ROP), and sickle cell retinopathy. The mechanism by which hyperglycemia leads to closure of retinal vessels and retinal ischemia is uncertain and because years of hyperglycemia are required, it has not been possible to produce an animal model of proliferative diabetic retinopathy. However, the demonstration that in new born kittens, high levels of inspired oxygen cause retinal vessel closure and retinal NV helped to elucidate the mechanism of ROP and provide a template for reliable models of ischemic retinopathy (Patz et al., 1953) . This model has been reproduced in dogs, rats, and mice. Due to the relatively low cost of mice and the advanced understanding of mouse genetics compared to other species, the mouse model of oxygen-induced ischemic retinopathy (Smith et al., 1994) has been widely used to elucidate molecular signals involved in retinal NV. The basis of the molecular pathogenesis is that retinal blood vessels develop after birth in mice, so that initially the retina is relatively hypoxic which contributes to upregulation of the hypoxia-regulated gene product, vascular endothelial growth factor (VEGF), a critical stimulus for retinal vascular development. Placement of neonatal mice into an environment high in oxygen reduces levels of VEGF in the retina, halting vascular development, and causing regression of many of the newly developed blood vessels, because their endothelial cells, unlike the endothelial cells of mature vessels, are dependent upon VEGF for survival Stone et al., 1995) . When mice are returned to room air, the poorly perfused retina becomes hypoxic causing excessive production of VEGF which overshoots the normal level and stimulates retinal NV (Pierce et al., 1996) . Figure 2A shows an ocular section through a normal mouse retina stained with Griffonia simplicifolia (GSA) lectin that selective stains vascular cells. The superficial capillaries are seen adjacent to ganglion cells near the surface of the retina, intermediate capillaries are near the inner border of the inner nuclear layer and the deep capillaries are along the outer border of the inner nuclear layer. In the retinas of mice with oxygen-induced ischemic retinopathy, the capillaries within the retina are dilated and neovascularization is present on the surface of the retina extending into the vitreous cavity ( Figure 2B ). Retinal NV and hyaloid vessels stain more intensely with GSA than normal retinal vessels, so that they are selectively stained by brief incubations of retinal flat mounts with FITC-labeled GSA (Figure 3) . This is advantageous for quantification of the area of NV by image analysis because the software recognizes both retinal NV and hyaloid vessels and the area of the hyaloid vessels is easily subtracted.
Inhibition of VEGF suppresses retinal NV indicating that high levels of VEGF are necessary for its occurrence and maintenance (Aiello et al., 1995) . To determine if high levels of VEGF are sufficient to cause retinal NV, rho/VEGF transgenic mice were generated in which the rhodopsin promoter was used to drive expression of VEGF 165 in photoreceptors (Okamoto et al., 1997) . In rho/VEGF mice, NV sprouted from the deep capillary bed of the retina ( Figure 2C ), but not from the intermediate or deep capillaries, indicating that another critical stimulus for retinal NV might be constitutively expressed in the vicinity of the deep capillary bed, but not the superficial or intermediate capillaries. This difference between the capillary beds within the retina indicates a very important principle in vascular biology. A vasoactive protein may have different effects on different vascular beds because the microenvironment may differ in important ways. For this reason, mechanisms involved in different types of NV may differ. There are similarities and differences involved in the mechanisms of retinal and choroidal NV, and they have some similarities and greater differences with NV in neoplastic tissues (reviewed in (Campochiaro, 2006) ). It is useful to discuss the contribution of various proteins to retinal and choroidal NV together to point out similarities and differences.
Choroidal vascular diseases
There is a great deal of interdependence between photoreceptors, RPE cells, and the choriocapillaris. The RPE promotes a vascular environment along its basal surface and an avascular environment along its apical surface. Vascular endothelial cells require survival factors that can originate from extracellular matrix, surrounding cells, or plasma. Vascular endothelial growth factor (VEGF) is an important mediator of paracrine and endocrine trophic support for endothelial cells . Fenestrated endothelial cells are particularly dependent upon VEGF (Inai et al., 2004; Kamba et al., 2005 ) and the choriocapillaris is no exception. Development of the choriocapillaris requires RPE-derived VEGF (Mameros et al., 2005) and maintenance of the choriocapillaris after development requires production of soluble isoforms of VEGF by the RPE (Saint-Geniez et al., 2009) . Conditional knockout of all VEGF-A isoforms in RPE cells of adult mice results in rapid death of the choriocapillaris followed by death of the RPE and photoreceptors (Kurihara et al., 2012) . RPE cells are polarized cells and under normal circumstances secrete VEGF only from their basolateral surface which supports the choriocapillaris. The basal lamina of the RPE is the innermost layer of Bruch's membrane, a complex extracellular matrix structure that provides mechanical support, physical separation from the choriocapillaris, and important signals for maintenance of polarization. When in culture, RPE cells must be seated on preformed basal lamina to form polarized monolayers or they must secrete their own resulting in gradual polarization over time (Campochiaro and Hackett, 1993; Davis et al., 1995) . Abnormalities of Bruch's membrane cause RPE dysfunction; diffuse thickening of Bruch's membrane and focal deposits called drusen occur in patients with age-related macular degeneration (AMD) and large drusen increase risk of both forms of advanced AMD, choroidal neovascularization (CNV) and geographic atrophy (GA) (Age-Related, 2001; Klein et al., 2008) . Cultured RPE cells grown on matrix containing components of drusen produce increased levels VEGF (Mousa et al., 1999) . However, transgenic mice with inducible expression of VEGF in RPE cells do not develop CNV, demonstrating that high expression of VEGF by RPE cells is not sufficient to cause CNV (Oshima et al., 2004b) . Several diseases in which CNV occurs have abnormalities and/or defects in Bruch's membrane including AMD, pathologic myopia, pseudoxanthoma elasticum with angioid streaks, and Sorsby Dystrophy. Sorsby Dystrophy is due to a mutation in Timp3 which causes deposits of aggregated TIMP3 in Bruch's membrane and is complicated by severe CNV and degeneration of the RPE and photoreceptors (Weber et al., 1994) . Rupture of Bruch's membrane with laser photocoagulation in primates, rats, or mice results in CNV (Dobi et al., 1989; Ryan, 1982; Tobe et al., 1998b) . Seven or 14 days after rupture of Bruch's membrane, ocular sections stained with GSA show vessels growing from the choroid into the subretinal space and collection of fluid under the retina ( Figure 3D ). Antagonists of VEGF strongly suppressed CNV in the mouse model suggesting that VEGF plays an important role in CNV just like it does in retinal NV (Kwak et al., 2000) . This was confirmed by the demonstration that ranibizumab suppresses CNV in primates with rupture of Bruch's membrane (Kryzstolik et al., 2002) and that aflibercept (VEGF-trap) suppresses CNV in the mouse model of CNV (Saishin et al., 2003) . These preclinical studies have been confirmed in large multicenter clinical trials in patients with NVAMD demonstrating that results in the primate and mouse models can be predictive of results in humans Heier et al., 2012; Rosenfeld et al., 2006) . The mouse model is now widely used to screen drugs for potential therapeutic activity for NVAMD.
Transgenic rho/VEGF mice demonstrated that increased levels of VEGF in the outer retina without any perturbation of Bruch's membrane fails to cause CNV (Okamoto et al., 1997; Tobe et al., 1998a) . However, the increased expression of VEGF in photoreceptors caused sprouting of NV from the deep capillary bed of the retina ( Figure 2C ). This provides a model of retinal angiomatous proliferation, which occurs in 30% of patients with NVAMD (Yannuzzi et al., 2001 and intravitreous injection of an adenoviral vector expressing VEGF 165 in adult mice resulted in high expression of VEGF at the surface of the retina, but no sprouting of NV from the superficial capillaries (Oshima et al., 2004c) . In rho/VEGF mice, VEGF expression begins at postnatal day (P) 7 and sprouts of NV occur from the deep capillaries by P10. A second hypothesis was that another gene product is required in addition to VEGF for NV to occur, and that gene product is only expressed in the region of the deep capillary bed at P10. To test this hypothesis, double transgenic mice with doxycycline-inducible expression of VEGF were generated so that the timing of VEGF expression could be controlled (Ohno-Matsui et al., 2002) . Two driver lines were utilized, one in which the reverse tetracycline transactivator (rtTA) was coupled to the opsin promoter (rtTA/opsin mice) and another in which the rtTA was coupled to the interphotoreceptor retinoid binding protein (IRBP) promoter (rtTA/IRBP mice) and each of these lines was crossed with transgenics that expressed the tetracycline response element (TRE) coupled to cDNA coding for VEGF 165 (TRE/VEGF mice) to generated rtTA/opsin-TRE/VEGF and rtTA/IRBP-TRE/VEGF (shortened to Tet/opsin/VEGF and Tet/IRBP/VEGF) double transgenic mice. Tet/opsin/VEGF mice express VEGF in photoreceptors when doxycycline is given provided it is after P7 when constitutive expression of the opsin promoter begins, but because the IRBP promoter turns on prior to birth, Tet/IRBP/VEGF mice have inducible expression of VEGF even as early as P0. When optimal doses of doxycycline were given to adult Tet/opsin/VEGF mice or Tet/IRBP/VEGF mice, NV sprouted only from the deep capillary bed, but levels of VEGF were substantially higher than those in rho/VEGF mice, resulting in severe vascular leakage and exudative detachments (Figure 4 ) (Ohno-Matsui et al., 2002) . When doxycycline was administered to Tet/IRBP/VEGF mice starting at P0, they developed NV sprouting from the superficial capillaries between P0 and P7, the intermediate capillaries between P4 and P7, and the deep capillaries at P7 and beyond (Oshima et al., 2004a) . These time periods correspond to the windows of development for each of the capillary beds, respectively and suggest that at least one other gene product in addition to VEGF is needed for developmental sprouting or pathologic sprouting of new vessels in the retina.
Molecular Signals

VEGF
As is clear from sections 2.2 and 2.3, VEGF plays a critical role in retinal and subretinal/ choroidal neovascularization. Its role in macular edema is discussed in sections 5.1.1 and 5.1.2. Recently it has been determined that VEGF has other activities that make it a therapeutic target for early stages of diabetic retinopathy and this is discussed in section 6.1.
It is important to note that there is controversy regarding the safety of intraocular injections of VEGF. Systemic suppression of VEGF in patients with metastatic cancer is complicated by thromboembolic and hemorrhagic events. (Elice et al., 2009; Eremina et al., 2008) Severely compromised endothelial cells overlying atherosclerotic plaque or in regions where vessels are damaged are more dependent upon VEGF for survival than normal endothelial cells. Neutralization of VEGF can result in death of these compromised endothelial cells causing the luminal surface to become thrombogenic and thereby increasing the likelihood of thrombosis. In regions where there is pre-existent damage to the other parts of the vessel wall, endothelial death can promote hemorrhage. It was thought that after intraocular injection of a VEGF-neutralizing protein, there would be not be enough suppression of systemic VEGF levels to increase risk of thrombotic or hemorrhagic events. However, phase 3 trials sponsored by Genentech consistently showed greater numbers of thromboembolic events in patients treated with 0.5mg ranibizumab compared with those treated with 0.3mg ranibizumab or sham. Although the differences were not statistically significant there was enough concern for Genentech to issue a letter warning of the possibility that in patients given intraocular injections of ranibizumab, there might be increased risk of thromboembolic events, particularly in patients with a history of a recent stroke. Patients with diabetes are at higher risk for thromboembolic events than nondiabetic patients and therefore in patients with DME, 0.3mg of ranibizumab was approved rather than 0.5mg. Whether there are difference among VEGF-neutralizing proteins with regard to risk of systemic vascular events after intraocular injection is uncertain, but since systemic suppression of VEGF is greater after intraocular injections of bevacizumab or aflibercept than that seen after intraocular injection of ranibizumab (Avery et al., 2014) , they could be associated with a higher risk. Any difference in risk in patients treated with intraocular anti-VEGF agents compared to the baseline risk in the target population is so small that it would take a very large study to demonstrate its existence, and if there are differences among anti-VEGF agents, even larger studies would be needed to demonstrate that. Therefore, there are no data to guide treatment and physicians are left to decide whether they think it is plausible that there is an increased risk of systemic vascular events after intraocular anti-VEGF treatment and whether there is any way to mitigate risk if it exists.
There is also controversy as to whether there is any risk to the retina, RPE, and choroid from intraocular suppression of VEGF. Conditional knock out of VEGF in RPE cells causes atrophy of the choriocapillaris which in turn causes damage to the overlying RPE and retina (Kurihara et al., 2012) . However, it is unlikely that intraocular injections of VEGF neutralizing proteins could ever cause sufficient suppression of RPE-derived VEGF to mimic a genetic knockout of VEGF and compromise the choriocapillaris, because there was no damage to the choriocapillaris, RPE, or retina in transgenic mice in which high expression of potent VEGF-neutralizing protein was driven in photoreceptor cells for up to 7 months (Ueno et al., 2008) . Whether subretinal injection of an AAV vector that transduces RPE cells to produce high levels of a VEGF-neutralizing protein within the RPE can mimic a genetic knockout of VEGF in RPE is an unanswered question. Macular atrophy occurs in some patients with neovascular AMD treated with intraocular injections of VEGFneutralizing proteins (Grunwald et al., 2012) , but this is not due to damage to retina, RPE, or choriocapillaris from VEGF suppression, because it is never seen in patients with other disease processes treated with anti-VEGF agents. Instead, it occurs in areas of regression of choroidal neovascularization and suggests the hypothesis that in some instances choroidal neovascularization provides oxygen and/or nutrients to compromised RPE cells and that elimination of choroidal neovascularization can result in RPE death and overlying retinal atrophy (Channa et al., 2015) . If that hypothesis is correct, then a treatment that causes maturation and stabilization of choroidal neovascularization may be preferable to a treatment that eliminates choroidal neovascularization. However at this time only anti-VEGF agents are available and the visual consequences of macular atrophy during anti-VEGF treatment is uncertain because in many patients with atrophy the fovea is spared and visual acuity remains good (Channa et al., 2015) . Therefore it is hazardous to minimize intraocular anti-VEGF injections because of the appearance of extrafoveal macular atrophy since under-treatment tend to promote subretinal fibrosis which may be a greater threat to vision.
Placental growth factor
Placental growth factor (PlGF) specifically activates VEGFR1, whereas VEGF-A activates both VEGFR1 and VEGFR2 (Park et al., 1994) . The function of VEGFR1 in endothelial cells is uncertain, but it is also present in bone marrow-derived cells and contributes to recruitment of those cells (Barleon et al., 1996) . In retinal and choroidal vascular diseases in which VEGF-A levels are high, it is unlikely that specific neutralization of PlGF would have much effect because VEGF-A also activates VEGFR1. On the other hand, if PlGF levels are high, neutralization of VEGF does not eliminate all stimuli for recruitment of bone marrowderived cells and whatever they contribute to the disease process. Therefore, it is conceivable that co-suppression of VEGF-A and PlGF could provide benefits over suppression of VEGF-A alone. This could provide an advantage for aflibercept over ranibizumab and bevacizumab, but since aflibercept is a somewhat better antagonist of VEGF-A than ranibizumab or bevacizumab with superior pharmacokinetics it is difficult to know whether any added benefit aflibercept provides in any particular patient is due to those characteristics or its PlGF-neutralizing activity. Therefore, at this time, it is not known if combined suppression of VEGF-A and PlGF provides added benefit over suppression of VEGF-A alone.
The Tie2 Pathway
Tie2 is a tyrosine kinase receptor that is expressed predominantly on vascular endothelial cells (Sato et al., 1995) . Angiopoietin 1 (Ang1) binds Tie2 and stimulates phosphorylation which leads to phosphorylation of eNOS, Akt, and ERK (Davis et al., 1996; Kim et al., 2000a) . Angiopoietin 2 is a weak agonist that competes with Ang1 for binding and reduces phosphorylation of Tie2 thereby acting as a Tie2 antagonist (Kim et al., 2000b; Maisonpierre et al., 1997; Yuan et al., 2009 ). Ang2 expression is increased during retinal vascular development or in ischemic retina . Heterozygous knockin mice in which angiopoietin 2 gene was replaced by GFP, showed GFP expression along the surface of the retina between P0 and P7 in association with development of the superficial retinal vessels, adjacent to the developing intermediate capillaries between P4 and P7, and in the region of the deep capillary bed at P7 and throughout adulthood. In mice with ischemic retinopathy, GFP was re-expressed at the surface of the retina at P14 in association with sprouting of NV from the superficial capillaries . In homozygous GFP knockin mice deficient in Ang2, retinal vascular development failed to occur indicating Ang2 is necessary for developmental sprouting of new vessels in the retina (Gale et al., 2002; Hackett et al., 2002) . In adult mice, Ang2 is also necessary for sprouting of NV, because there was no NV when adenoviral-mediated gene transfer was used to express high levels of VEGF at the surface of the retina, but when VEGF and Ang2 were co-expressed, NV grew from the superficial capillaries (Oshima et al., 2004c) . Therefore, both Ang2 and VEGF are needed to stimulate NV in the retina, and the reason why NV grows from the deep capillary bed in rho/VEGF mice is because there is constitutive expression of Ang2 in horizontal cells adjacent to the deep capillary bed of the retina . This makes remodeling of the deep capillary bed possible. In rd1 mice in which there is a primary rod cell degeneration, the oxygen level in the outer retina is markedly increased (Yu et al., 2000) which down regulates VEGF and due to constitutive expression of Ang2, the reduction in VEGF results in pruning of the deep capillary bed . Similarly, wild type mice placed in hyperoxia for several weeks have down-regulation of VEGF associated with constitutive expression of Ang 2 in the region of the deep capillary bed resulting in regression of the deep capillary bed . The possible significance of this for humans is that if individuals live in hypoxic environments, such as at high altitudes, the lower levels of oxygen in blood result in relative hypoxia particularly at the border of the outer nuclear and outer plexiform regions, the region of the deep capillary bed. This causes increased production of VEGF which in combination with the constitutive expression of Ang2 in horizontal cells, stimulates growth of the deep capillaries to increase supply of oxygen to the outer nuclear layer. If the same individual relocates to a town at sealevel, environmental oxygen, oxygen in the blood, and tissue oxygen in the region of the deep capillary bed are increased from the previous situation when the individual lived at high altitude. This decreases VEGF expression and due the constitutive expression of Ang2 in horizontal cells, there should be pruning of the deep capillary bed to decrease the tissue oxygenation in the outer retina. In rho/VEGF mice, the production of VEGF cannot be down-regulated by remodeling of the deep capillary bed so that NV grows all the way through the outer nuclear layer into the subretinal space (Okamoto et al., 1997; Tobe et al., 1998a) .
To further explore the role of the Tie2 system in retinal and choroidal NV, Tet/opsin/Ang2 mice and Tet/opsin/Ang1 mice with doxycycline-inducible expression of Ang2 or Ang1 in photoreceptors were generated. Induced expression of Ang2 in mice with ischemic retinopathy at the outset of the ischemic period when VEGF levels are high caused a marked increase in retinal NV, while onset of Ang2 expression at P20 when VEGF levels are low, resulted in rapid regression of retinal NV . In mice with choroidal NV due to rupture of Bruch's membrane, VEGF levels are transiently increased and are low 7 days after rupture of Bruch's membrane; increased expression of Ang2 at day 7 causes rapid regression of choroidal NV. Unlike Ang2, induced expression of Ang1 suppresses retinal or choroidal NV, it never stimulates it nor does it cause regression of NV (Nambu et al., 2004) . It also prevents VEGF-induced leakage from retinal vessels and in Tet/opsin/VEGF mice, co-expression of Ang1 and VEGF prevents severe leakage and exudative retinal detachment . Therefore, Ang1 makes endothelial cells less responsive to VEGF, while Ang2 makes them more responsive to VEGF; however, if VEGF levels are low, Ang2 promotes regression of NV.
Tie2 is also regulated by a phosphatase, vascular endothelial-protein tyrosine phosphatase (VE-PTP) (Fachinger et al., 1999; Krueger et al., 1990) . VE-PTP is physically associated with Tie2 and dephosphorylates it which inactivates it, thereby acting like Ang2 (Yacyshyn et al., 2009) . Like Ang2, VE-PTP is increased in hypoxic retina. Antagonism of VE-PTP with an anti-VE-PTP antibody suppresses retinal NV in mice with ischemic retinopathy, suppresses subretinal NV in rho/VEGF mice, and inhibits choroidal NV ( Figure 5 ) . AKB-9778 is a small molecule, competitive inhibitor of the catalytic activity of VE-PTP that activates Tie2. In cultured endothelial cells, Tie 2 phosphorylation is increased by incubation with AKB-9778 and further increased by co-incubation with AKB-9778 and Ang1 or Ang2. Thus, when VE-PTP is inhibited, Ang2 acts like a Tie2 agonist. Subcutaneous or intraocular injections of AKB-9778 suppress ischemia-induced retinal NV and subretinal NV in rho/VEGF mice ( Figure 6 ). AKB-9778 strongly inhibits NV at Bruch's membrane rupture sites and has additive activity when combined with aflibercept. AKB-9778 also reduces VEGF-induced leakage from retinal vessels. In Tet/opsin/VEGF mice, subcutaneous injections of AKB-9778 have the same dramatic effect as co-expression of Ang1 by preventing severe vascular leakage and exudative retinal detachments . In a phase 1B clinical trial in patients with diabetic macular edema (DME), subcutaneous injections of AKB-9778 for 4 weeks substantially reduced edema and improved vision in several patients . Thus, activation of Tie2 provides a novel therapeutic approach for retinal and choroidal vascular diseases.
Platelet-derived growth factor-B (PDGF-B)
Transgenic mice in which the rhodopsin promoter drives expression of platelet-derived growth factor-B (PDGF-B) in the retina develop retinal detachments similar to those seen in doxycycline-treated Tet/opsin/VEGF mice . Initially this was interpreted as traction retinal detachment, but subsequent studies showed that mice that over-express PDGF-B develop NV, while those that over-express PDGF-A have a phenotype in which there is excessive proliferation of glial cells but no NV (Mori et al., 2002a) . The expression of PDGF-B is increased by hypoxia, predominantly in vascular endothelial cells and is important for pericyte recruitment; mice deficient in PDGF-B have poor pericyte coverage of retinal vessels which are leaky (Betsholtz, 2004; Lindahl et al., 1997; Lindblom et al., 2003) . Selective blockade of PDGF-B causes mild suppression of choroidal NV at Bruch's membrane rupture sites and has an additive suppressive effect when combined with a VEGF antagonist . Combined blockade of VEGF and PDGF-B also has a better effect than VEGF blockade alone in prevention of leakage and exudative detachment in Tet/ opsin/VEGF mice (Figure 7 ). This is because the VEGF-stimulated endothelial cells that are activated and proliferating produce high levels of PDGF-B which stimulates pericytes and aggravates vascular leakage and NV . Thus there is a paracrine interaction between endothelial cells and pericytes that augments leakage and NV, which is the basis for the additive beneficial effect from combined blockade. In patients with neovascular AMD, the combination of ranibizumab with an aptamer that blocks PDGF-B resulted in significantly greater improvement in visual acuity than treatment with ranibizumab alone ).
Stromal-derived factor-1 (SDF-1)
Like VEGF and PDGF-B, stromal-derived factor-1 (SDF-1) is increased in hypoxic retina primarily in retinal glia (Lima e Silva et al., 2007) . The receptor for SDF-1, CXCR4, is located primarily on macrophages and the increased production of SDF-1 in ischemic retina leads to increased recruitment and retention of macrophages which line up along retinal blood vessels and form small caps around sprouts of NV . They provide paracrine support for the new vessels because both retinal and choroidal NV are reduced by CXCR4 antagonists (Lima e Silva et al., 2007).
Hypoxia-inducible factor-1 (HIF-1)
HIF-1 is a heterodimer made up of HIF-1α and HIF-1β (Semenza, 2000) . In normoxic tissue a prolyl hydroxylase dehydroxylates HIF-1α resulting in ubiquitination and degradation. Hypoxia inactivates the prolyl hydroxylase causing HIF-1α to accumulate and bind to HIF-1β to form HIF-1 which translocates to the nucleus and binds to the HRE located in the promoter region of several genes to stimulate their transcription. Genes that are transcriptionally regulated by HIF-1 include VEGF and its receptor VEGFR1, PDGF-B, and its receptor PDGFRβ, SDF-1 and its receptor CXCR4, Ang2, and VE-PTP among several others (Kelly et al., 2003) . Thus HIF-1 transcriptionally regulates all of the genes coding for proteins discussed above that have been implicated in retinal and choroidal NV. HIF-1α levels are increased in hypoxic retina and correlate temporally and spatially with increases in VEGF . Mice in which the HRE has been removed from the Vegf promoter have marked reduction of ischemia-induced retinal NV and choroidal NV at Bruch's membrane rupture sites (Vinores et al., 2006) . Intravitreous injection of an adenoviral vector containing an expression cassette for a stabilized form of HIF1α causes increased expression of all of the factors listed above and results in retinal NV (Kelly et al., 2003) . Subretinal injection of the same vector causes choroidal NV.
High throughput screening of a drug library with a reporter cell line for HIF-1 transcriptional activity has determined that digoxin and doxorubicin are strong inhibitors of HIF-1 activity (Lee et al., 2009; Zhang et al., 2008) . This has provided additional tools to probe the role of HIF-1 in retinal and choroidal NV. Subcutaneous injections or intraocular injections of digoxin reduce levels of VEGF, PDGF-B, SDF-1 and their receptors in ischemic retina and cause a dose-dependent reduction in retinal NV with optimal doses eliminating the NV (Yoshida et al., 2010) . Systemic or intraocular digoxin also dramatically suppresses choroidal NV. Similar results were obtained with doxyrubicin and sustained intraocular delivery of microparticle-incorporated doxyrubicin resulted in prolonged suppression of choroidal NV (Iwase et al., 2013) . Therefore HIF-1 plays an important role in both retinal and choroidal NV and reduction of HIF-1-activity provides a means to reduce multiple angiogenic stimulators and their receptors.
Signals from extracellular matrix
In addition to secreted factors that are primarily regulated by HIF-1, signals derived from extracellular matrix (ECM) and surrounding cells participate in CNV. As new vessels become established and more mature their endothelial cells communicate with surrounding cells and ECM which provide survival and stabilizing signals that make the endothelial cells less dependent upon soluble signals such as VEGF. CNV grows into dense ECM and rapidly recruits surrounding cells, so that blockage of VEGF even relatively early in the process suppresses growth but does not cause regression, at least over the short-term. Retinal NV grows on the surface of the retina into the vitreous and it appears that it takes longer to establish interactions with surrounding cells and ECM and remains dependent upon soluble signals so that when VEGF is suppressed, retinal NV regresses. Over time, retinal NV lays down matrix and recruits cells forming a fibrovascular membrane and new vessels in such membranes do not regress when VEGF is blocked.
Integrins-Much of the communication between vascular cells and the ECM
occurs through integrins on the vascular cells which bind components of the ECM which stimulates intracellular signaling. In normal quiescent vessels, endothelial cells bind to collagen IV, collagen XVIII, laminin, and other component of their basement membrane which leads to stimulation of focal adhesion kinase and activation of the Akt pathway which provides survival signals. When there are sufficient soluble signals discussed above to stimulate NV, this is accompanied by production of proteases that degrade the extracellular matrix and also stimulate endothelial cells to begin expressing some integrins that they don't normally express α5β1, α5β1, and α5β1, which allow them to bind to fibronectin and vitronectin in provisional matrix, which enhances signaling through VEGF receptor 2 and some other tyrosine kinase receptors. The signaling promoted by the newly upregulated integrins is important in ocular NV, because a small molecule antagonist of α5β1 causes apoptosis of endothelial cells participating in CNV, resulting in regression of CNV (Umeda et al., 2006) .
Endogenous inhibitors of angiogenesis-While the shift in endothelial cell
binding from ECM in basement membrane to components of provisional ECM facilitates the actions of soluble stimulators like VEGF and fuels angiogenesis, the proteolytic degradation of basement membrane components and other proteins results in fragments that participate in a negative feedback system that puts on the brakes to stop angiogenesis when normal wound repair is approaching completion. Angiostatin, a fragment of plasminogen, endostatin, a fragment of collagen XVIII, and multiple fragments of collagen IV have antiangiogenic activity. (O'Reilly et al., 1997; O'Reilly et al., 1994; Petitclerc et al., 2000) There are also full-length proteins including pigment epithelium-derived factor (PEDF) (Dawson et al., 1999) and thrombospondins that participate in the suppression of angiogenesis. A third component of the anti-angiogensis defense system is soluble receptor formed from alternative splicing of full-length receptor such as soluble VEGF receptor 1 also known as sFlt1. Endogenous antiangiogenic proteins are appealing candidates for treatment of ocular NV because they are likely to have a good safety profile and also because they can be delivered by gene transfer to provide prolonged sustained delivery.
PEDF:
Intravitreous or subretinal injection of an adenoviral or AAV2 vectors expressing PEDF suppressed the development of retinal or choroidal NV (Auricchio et al., 2002; Mori et al., 2001b; Mori et al., 2002b; Raisler et al., 2002) . When given after NV was established, the adenoviral vector expressing PEDF caused apoptosis of endothelial cells in new vessels, but not in normal, quiescent blood vessels, resulting in regression of the NV (Mori et al., 2001c) . A phase I clinical trial was done to test the effect of intravitreous injection of an adenoviral vector expressing PEDF in patients with advanced neovascular AMD . There were no serious adverse events and no doselimiting toxicities, but mild, transient intraocular inflammation occurred in 25% of patients. Six patients experienced increased intraocular pressure that was easily controlled by topical medication. At 3 and 6 months after vector injection, 55% and 50%, respectively, of patients treated with10 6 -10 7.5 pu and 94% and 71% of patients treated with 10 8 -10 9.5 pu had either no change or had an improvement in lesion size from baseline. The median increase in lesion size at 6 and 12 months was 0.5 and 1.0 disc areas in the low dose group compared to 0 and 0 disc areas in the high dose group. Thus a single intravitreous injection of a dose greater than 10 8 pu of AdPEDF.11 resulted in anti-angiogenic activity that lasted for several months demonstrating that the activity identified in mouse models was predicitive of effects in patients and providing proof-of-concept for the strategy of gene transfer of antiangiogenic proteins to treat neovascular AMD.
Endostatin and angiostatin:
Mice deficient in collagen XVIII, the source of endostatin, show delayed regression of the hyaloid vasculature and poor development of the retinal vasculature (Fukai et al., 2002) . After tail vein injection of an adenoviral vector expressin endostatin, there was suppression of CNV with strong correlation between endostatin serum level and amount of CNV suppression (Mori et al., 2001a) . Subretinal injection of a bovine immunodeficiency lentiviral (BIV) vector coding for endostatin (BIVendostatin) resulted in high expression of endostatin in the RPE that diffused into the overlying retina and outlined retinal vessels suggesting endostatin binding to a component of vessel walls (Takahashi et al., 2003) . Gene transfer of endostatin in Tet/opsin/VEGF mice with induced expression of VEGF significantly reduced vascular leakage and exudative retinal detachments. These data suggest that endostatin may be an endogenous inhibitor of vasopermeability as well as a strong inhibitor of NV. Similarly, intraocular injection of angiostatin packaged in AAV or lentiviral vectors suppressed retinal and choroidal NV (Igarashi et al., 2003; Lai et al., 2001; Raisler et al., 2002) . Subretinal injection of an equine infectious anemia lentiviral vector (EIAV) expression of endostatin and angiostatin suppressed leakage and growth of choroidal NV in mice (Balaggan et al., 2006; Kachi et al., 2008) . This same vector is being tested in a phase I trial in patients with advanced neovascular AMD.
3.1.7.2.3 sFlt1: Intraocular injection of adenoviral or AAV2 vector expressing sFlt1 strongly suppressed retinal and choroidal NV and in mice and injection of AAV2.sFlt-1 suppressed retinal NV in mice (Bainbridge et al., 2002; Honda et al., 2000; Rota et al., 2004) and choroidal NV in monkeys (Lai et al., 2005; Lai et al., 2002) . Intravitreous injection of an AAV2 vector expressing a modified version of sFlt1 consisting of domain 2 of Flt1 linked to a human IgG Fc fragment (sFLT01), choroidal NV in primates (Lukason et al., 2011; Pechan et al., 2009) . This vector is being tested in a phase 1 trial in patients with neovascular AMD. Another phase 1 trial is testing subretinal injection of an AAV2 vector expressing native sFlt1 in patients with advanced neovascular AMD.
Difference between retinal and choroidal NV
There is considerable overlap regarding vasoactive proteins involved in retinal and choroidal NV, because HIF-1 is involved in both leading to up-regulation of the same complement of HIF-1-regulated gene products (Figures 8 and 9 ). However, retinal NV is highly dependent upon VEGF for a prolonged period of time, because even a single intravitreous injection of a VEGF antagonist causes regression of retinal NV. Choroidal NV in patients with neovascular AMD is usually sensitive to VEGF in that VEGF antagonists reduce leakage and prevent further growth, but rarely cause elimination of the choroidal NV over the shortterm (Rosenfeld et al., 2006) . In patients with choroidal NV due to ocular histoplasmosis or pathologic myopia, regression of choroidal NV often occurs after one or a small series of anti-VEGF injections resulting in a disease free period that can last many months or years until there is recurrence of choroidal NV requiring additional injections. As discussed above, a possible explanation is differences in ECM in the different disease settings. Retinal NV grows into the vitreous, a loose matrix with few surrounding cells. In ocular histoplasmosis there is little excess/abnormal ECM, but in AMD, there is a great deal of abnormal ECM that may promote survival signaling that makes the endothelial cells in new vessels less dependent upon VEGF for survival. More experiments are needed to test this hypothesis, but the practical outcome of the clearly observable difference in VEGF dependence is that despite the contribution of other vasoactive proteins to retinal NV and choroidal NV in diseases other than AMD as described above, VEGF antagonists are sufficient for those disease processes and development of other pharmacologic treatments is not needed. In contrast, while VEGF antagonists have revolutionized the treatment of NVAMD, there is still substantial unmet need for additional pharmacologic treatments. It should be noted however, that while VEGF antagonists do not cause regression of CNV in the majority of patients with AMD over the initial stages of treatment, prolonged treatment can result in regression of CNV that leaves macular atrophy in its wake (Channa et al., 2015) . While subfoveal CNV seems to be less susceptible to regression and therefore atrophy often spares the fovea, there are some patients who lose vision from foveal atrophy. This raises the question as to whether the goal of treatment in patients with neovascular AMD should be to reduce leakage, stabilize and promote survival of CNV rather than cause regression.
Retinal vascular leakage
Diabetic macular edema
While retinal NV is one complication of retinal vascular diseases, it is not the most prevalent nor the most difficult to treat; that distinction is held by excessive vascular leakage resulting in macular edema. A major challenge in understanding pathogenesis and developing treatments for DME or macular edema due to RVO is the lack of animal models. An important observation was that sustained release of VEGF in the vitreous cavity of monkeys caused severe leakage and macular edema indicating that high levels of VEGF in the vitreous cavity had the ability to cause macular edema . When there is a lack of animal models, an alternative is the use of small human trials for proof-of-concept. One important question was, does retinal hypoxia contribute to macular edema? To address this question, patients with DME were given supplemental inspired oxygen for 3 months. This resulted in significant improvement in macular edema and visual acuity which was lost when patients returned to room air demonstrating that retinal hypoxia contributes to DME (Nguyen et al., 2003) . Oral administration of an inhibitor of VEGF receptor tyrosine kinases that had been demonstrated to cause dramatic benefits in models of choroidal NV and retinal NV (Kwak et al., 2000; Ozaki et al., 2000) caused a dose-dependent reduction in DME (Campochiaro and Group, 2004) This study was notable because it was the first DME trial to use OCT as an outcome measure in a subgroup of patients to show drug-induced reduction of macular edema, but more importantly was the first demonstration of a beneficial effect of a nonspecific VEGF antagonist in DME. The next step was to use a completely specific VEGF antagonist. In patients with DME, 3 injections of 0.5mg ranibizumab were given at baseline and months 1, 2, 4, and 6 with primary endpoint at month 7 when there was mean improvement from baseline best-corrected visual acuity (BCVA) of 12.1 ETDRS letters, mean improvement from baseline foveal thickness of 257 μm, and elimination of 85% of excess foveal thickness . In a follow-up study, READ2, injections of ranibizumab were found to cause significantly greater improvement in BCVA compared to focal/grid laser therapy (Nguyen et al., 2009 ). These results were confirmed in large multicenter clinical trials (Network et al., 2010; . Treatment consisting of intraocular injections of a VEGF-neutralizing protein is now first line therapy for DME.
Macular edema after retinal vein occlusion
Retinal vein occlusions (RVOs) consist of central RVO (CRVO) in which the major outflow vessel becomes occluded and branch RVO (BRVO) in which a second or third order vein is occluded. In CRVO, there are hemorrhages, cotton wool patches, and variable amounts of retinal nonperfusion throughout the entire retina and in BRVO similar findings occur throughout the retina drained by the occluded branch vein which is usually about half of the retina. The major cause of reduced vision in patients with RVO is macular edema which was felt to be due to high intravenous pressure behind the obstruction resulting in transudation of fluid into the retina. However, a small pilot trial demonstrated that high levels of VEGF are the major cause macula edema and reduced vision, because after an injection of ranibizumab every month for 3 months, 90% of excess foveal thickness was eliminated and visual acuity was dramatically improved . These results were confirmed in large multicenter clinical trials (Brown et al., 2011; Brown et al., 2010; Campochiaro et al., 2011a; Campochiaro et al., 2010) and treatment with injections of VEGF-neutralizing proteins is now first line therapy in RVO.
Retinal nonperfusion and background diabetic retinopathy
Observations in clinical trials for macular edema have shown that VEGF has additional activities in addition to stimulation of ocular NV and vascular leakage. Suppression of VEGF slows the progression of retinal nonperfusion and even causes reopening of recently closed retinal vessels in patients with retinal vein occlusion or diabetic retinopathy . VEGF promotes leukostasis (Tolentino et al., 1996) and this is likely the cause of VEGF-induced capillary closure in the retina. Suppression of VEGF also improves background diabetic retinopathy indicating that VEGF participates earlier in the pathogenesis of diabetic retinopathy than was previously thought. Leukostasis may also underlie this effect of high VEGF levels, because sustained delivery of a steroid in the eye also improves background diabetic retinopathy (Campochiaro et al., 2012; Campochiaro et al., 2011b) .
Future directions
Conclusions
Studies in animal models have elucidated many aspects of the molecular pathogenesis of retinal and subretinal NV. There is considerable overlap between retinal and choroidal NV in vasoactive molecules involved, because both types of NV are driven by stabilization of HIF-1 resulting in upregulation of several vasoactive proteins and their receptors (Figures 7  and 8 ). Despite the participation of multiple factors, suppression of VEGF is sufficient to cause regression of retinal NV until late in the disease process when the NV is encased in fibrous tissue containing numerous accessory cells and extensive ECM which make the endothelial cells less dependent upon VEGF for survival. For this reason, VEGF antagonists are the only pharmacologic treatment needed for retinal NV and are a useful adjunct to scatter photocoagulation which provides long-term stabilization by reducing VEGF production by the ischemic retina. In contrast, choroidal and subretinal NV are located in the sub-RPE and/or subretinal spaces where they are surrounded by RPE cells which interact with the endothelial cells and lay down extensive ECM; this provides survival factors that make the endothelial cells less dependent upon VEGF for survival. None-the-less VEGF antagonists are the primary treatment because VEGF is required for continued growth and leakage of the NV and VEGF antagonists stop growth and leakage. The persistence of choroidal NV despite VEGF blockade and the resumption of NV growth and leakage during treatment lapses, leave considerable unmet need which can be addressed by targeting other participating vasoactive proteins, such as PDGF-B, VE-PTP, Ang2, SDF-1, or the prime mover, HIF-1.
Due to lack of good animal models for macular edema, small pilot clinical trials have provided critical information regarding molecular pathogenesis. Despite small subject numbers, studies using the specific VEGF antagonist ranibizumab clearly showed that VEGF plays a very important role in the retinal vascular leakage that leads to DME or macular edema due to RVO . These results were confirmed by large multicenter trials and suppression of VEGF is now first line therapy for treatment of macular edema in ischemic retinopathies.
Where next?
Inability to eliminate macular edema with VEGF antagonists in some patients and the need for prolonged treatment to control edema in many, leaves considerable unmet need. Activators of Tie2 may fill much of that need, and there is substantial ongoing effort to identify other contributors to macular edema that can be targeted. Finally, the contribution of VEGF to retinal nonperfusion and progression of background diabetic retinopathy, as well as the need for prolonged intravitreous injections in patients with choroidal NV due to AMD, diabetic macular edema, or macular edema due to retinal vein occlusions makes sustained delivery of VEGF antagonists a major priority. The retinal arteries branch to form the superficial capillary bed near the surface of the retina and send penetrating branches to form the intermediate and deep capillaries. Retinal vessels supply the inner two-thirds of the retina with oxygen and nutrients. The outer third of the retina which consists of photoreceptor outer and inner segments and cells bodies is avascular. It receives oxygen and nutrients from the choroidal circulation. Large choroidal vessels branch and become progressively smaller until they form the choriocapillaris which is fenestrated and allows plasma to pool along Bruch's membrane. The RPE, which has barrier characteristics prevents fluid from entering the outer retina but allows oxygen and nutrients to enter. A retinal from a mouse with ischemic retinopathy was stained with FITC-labeled Griffonia simplicifolia lectin for 20 minutes which stains retinal NV (arrowheads) and hyaloid vessels (arrows) but not the pre-existent retinal vessels which facilitates quantification of NV by image analysis. After radial cuts, the retina was flat-mounted allowing visualization of the entire retina and measurement of all retinal NV. A male Tet/opsin/VEGF double transgenic mouse was given normal drinking water (A) and another was given water containing 2 mg/ml doxycycline in drinking water for 3 days (B). Fundus photography shows a normal retina in the mouse given normal drinking water (A) and an exudative retinal detachment due to severe VEGF-induced vascular leakage in the doxycycline-treated mouse (B). The entire retina is detached giving the retina an opalescent appearance with folds seen superiorly. Also the retinal vessels are dilated giving the vessels a dark red appearance. In an independent experiment, mice had rupture of Bruch's membrane with laser and then had intraocular injection of 40 μg of the anti-VEGF agent aflibercept or PBS and subcutaneous injections of 20 mg/kg AKB-9778 or PBS twice a day. This resulted in 4 groups of mice with n=19 in each group: control, aflibercept, AKB-9778, or aflibercept + AKB-9778. After 7 days, compared with the area of GSA lectin-stained choroidal NV in control mice, there was a significant reduction in aflibercept-and AKB-9778-treated mice (E, *p<0.01 by ANOVA with Dunnett's correction). Compared with mice treated with aflibercept or AKB-9778, those treated with the combination had significantly less choroidal NV (**p<0.05 by ANOVA with Dunnett's correction). (g,h) . Ocular sections stained with Hoechst or FITC-Griffonia simplicifolia lectin confirmed total retinal detachments (i) and extensive NV thoughout the outer retina (j) in eyes of mice treated with anti-PDGF-BB DARPin, partial retinal detachments (k) and dilated vessels with NV extending from deep capillaries (l) in eyes of mice treated with anti-VEGF-A DARPin, and no retinal detachments (M) and normal vessels with little or no NV (n) in eyes of mice treated with both DARPins. Grading of the incidence and severity of leakage or retinal detachments (o) showed that eyes from mice treated with both DARPins had significantly less severe grades than those seen in eyes of mice treated with anti-VEGF-A DARPin (x, p=0.0329) or anti-PDGF-BB DARPin ( †, p=0.0098) by Wilcoxin test. (p) Tet/Opsin/VEGF mice and C57BL/6 mice (n=5 for each) were treated with doxycycline and after 3 days, the relative of expression of Pdgfb mRNA normalized to cyclophilin A mRNA was significantly greater in Tet/Opsin/VEGF mice (p=0.0002 by unpaired t-test). This schematic highlights several important molecular signals involved in subretinal NV. Oxidative stress in the retinal pigmented epithelium (RPE) and photoreceptors causes increased levels of HIF-1, which upregulates vasoactive gene products as described above.
Retinal angiomatous proliferation (RAP) occurs if VEGF levels in photoreceptors are sufficiently high to cause a gradient that reaches the deep capillary bed of the retina where there is constitutive expression of Angpt2. Choroidal NV occurs if there is elevation of VEGF and Angpt2 combined with perturbation of Bruch's membrane and the RPE. The other HIF-1-responsive gene products fuel the process similar to the situation in retinal NV.
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